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A B S T R A C T
This study presents the distribution of fumonisin (FB)-producing and non-producing airborne Aspergilli (Nigri) in
apartments (AP), basements (BS) and a grain mill (GM) in Croatia, and their cytotoxic, immunomodulation and
genotoxic potency in comparison with FB1 and FB2. Concentration of black Aspergilli was 260-fold higher in GM
than in living environment with domination of A. tubingensis and A. welwitschiae. FB2- but not FB1- was conﬁrmed
via HPLC-MS and detection of fum1 and fum8 genes for one isolate of A. niger (0.015 μg/mL) and 8/15 isolates of
A. welwitschiae (0.128–13.467 μg/mL). After 24 h, both FB1 and FB2 were weakly cytotoxic (MTT assay) to
human lung A549 cells and THP-1 macrophage-like cells. In THP-1 cells FB1 but not FB2 provoked a higher
increase of IL-8, TNF-α and IL-1β (ELISA). In A549 cells DNA damaging eﬀect of FB1 was slightly higher than
that of FB2 (Comet assay). In THP-1 macrophage-like cells A. tubingensis and A. piperis evoked im-
munomodulatory eﬀects which corresponded to their cytotoxicity (IC50= 0.228–0.323mg/mL); A. welwitschiae,
A. tubingensis and A. piperis exerted cytotoxic (IC50= 0.214–0.460mg/mL) and genotoxic eﬀects in A549 cells.
Presumably, secondary metabolites other than FB2 may have contributed to the toxicity of black Aspergilli.
1. Introduction
The Aspergillus section Nigri comprises several species widely dis-
tributed in the environment. These species deserve special attention
regarding their inﬂuence on human and animal health: 1) from the
agricultural point of view, members of the section Nigri occur as plant
pathogens and cause spoilage of various foodstuﬀs including grains,
fruits, vegetables, cotton, nuts, meat and dairy products (Perrone et al.,
2007; Varga et al., 2011); 2) in biotechnology some species are used for
the production of organic acids, hydrolytic enzymes, and fermented
foods (Hong et al., 2013; Samson et al., 2007); 3) in medical mycology
increasing numbers of infections caused by black Aspergilli are re-
ported, particularly otomycosis and keratomycosis in tropical and
semitropical regions (Kredics et al., 2008; Szigeti et al., 2012a, 2012b);
4) from the toxicological point of view black Aspergilli are able to
produce mycotoxins including fumonisin isomers and ochratoxin A
(OTA), which are mainly introduced into organisms by contaminated
food (Samson et al., 2007; Samson et al., 2004; Varga et al., 2011), but
can also be taken in via inhalation.
Since their discovery, fumonisins have been considered mycotoxins
mainly produced by Fusarium species (Logrieco et al., 2003). The B
group of fumonisins (FB1, FB2, and FB3) is frequently detected in maize
and maize-based foods. The toxicological properties of FB1 as the major
group of fumonisins in Fusaria have been extensively studied. The
consumption of FB1 causes species-speciﬁc toxicological eﬀects in ani-
mals including leukoencephalomalacia in horses and pulmonary oe-
dema in swine. It is a hepatotoxic, nephrotoxic, carcinogenic and im-
munosuppressive agent in laboratory animals that has been associated
with human oesophageal carcinoma in southern Africa and China
(JECFA, 2001). Based on the structural similarities of FB1–3, a group
provisional maximum tolerable daily intake (PMTDI) of 2 μg/kg b.w.
per day for FB1–3 was established (EFSA, 2014).
In Fusarium species, fum genes encode enzymes involved in the
biosynthetic pathway of FBs. Cluster genes fum1 and fum8 encode a
polyketide synthase and an R-oxoamine synthase, respectively, which
are responsible for the synthesis of the FB1–3 carbon backbone
(Alexander et al., 2009; Proctor et al., 2006; Seo et al., 2001). Other fum
genes (e.g., fum2, fum3, fum6, fum10, fum13, fum14) encode enzymes
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that catalyse the addition or reduction of functional groups along the
carbon backbone and their inactivation results in the production of FB2
or FB3 only (Alexander et al., 2009).
Frisvad et al. (2007) ﬁrst reported on FB2 production in black As-
pergilli and since then research on fumonisin production and the gene
cluster required for fumonisin isomer biosynthesis in black Aspergilli
has been increasing. So far fumonisin production has been conﬁrmed in
only two species, A. niger and A. welwitschiae (formerly A. awamori)
(Palumbo et al., 2013; Perrone et al., 2011a; Varga et al., 2011; Varga
et al., 2010). The research of fum genes orthologues in A. niger genome
revealed the presence of the polyketide synthase (fum1), hydroxylase
(fum3, fum6, fum15), dehydrogenase (fum7), aminotransferase (fum8),
acyl-CoA synthase (fum10), carbonyl reductase (fum13), condensation-
domain protein (fum14), ABC transporter (fum19), and transcription
factor (fum21) genes and absence of fum2 gene (Pel et al., 2007; Susca
et al., 2014). The absence of fum2 in A. niger, which encodes for
monooxygenase that catalyses the hydroxylation of the fumonisin
backbone at C-10, results in the production of FB2, FB4 and FB6, but the
absence of FB1 and FB3 synthesis (Månsson et al., 2010; Proctor et al.,
2006). The presence of fum1 and fum8 genes was already been pre-
viously shown essential for the production of FB2 in black Aspergilli
(Susca et al., 2014, 2010). However, one study revealed the production
of FB1 in black Aspergilli recovered from dried vine fruits which was
conﬁrmed by HPLC-MS analysis of the extracts (Varga et al., 2010).
Although black Aspergilli are common airborne fungi, the dis-
tribution and species diversity of this group in indoor air is poorly in-
vestigated and is usually referred as to merely A. niger. Recently, we
were the ﬁrst to report on the diversity of black Aspergillus species
isolated from living (apartments, basements) and occupational (grain
mill) air in Croatia and ﬁve species were determined by morphological
and molecular methods (calmodulin gene sequence, CaM), including A.
luchuensis, A. niger, A. piperis, A. tubingensis, and A. welwitschiae (Varga
et al., 2014). The aim of this study was to check their ability to produce
the FB1 and FB2 and conﬁrm that by the production capacity accom-
panied by the presence of fum1 and fum8 genes. Since black Aspergilli
were common in the mixture of airborne fungi in the occupational and
living environment, we believed it was justiﬁed to explore the toxic
properties of FB-producing and FB-non-producing Aspergilli micro-
extracts in comparison with single FB1 and FB2. This was carried out
using human lung adenocarcinoma A549 cells and macrophages de-
rived from human leukemic monocyte THP-1 cells as experimental
models.
2. Materials and methods
2.1. Chemicals
FB1 and FB2 standards, methanol (MeOH) and formic acid were
purchased from Sigma-Aldrich Ltd. (Budapest, Hungary). Acetonitrile
(MeCN) was obtained from VWR International Ltd. (Debrecen,
Hungary). HPLC grade water with a resistivity of 18MΩ was produced
by ultraﬁltration with a Millipore Milli-Q Gradient A10 water pur-
iﬁcation system (Merck Ltd., Budapest, Hungary).
2.2. Sample collection
Airborne fungi were collected over a one-year period (2012) in two-
month intervals at a grain mill (GM) situated near Zagreb, Croatia, and
in residential locations which included two apartments (AP) and two
basements (BS) as well as outdoor air (ODA). Locations, dynamic and
conditions of sampling were described in detail in Jakšić Despot and
Šegvić Klarić (2014). Brieﬂy, each two-month interval 20 samples were
taken at each indoor location and 10 samples outdoors, the total
number of samples was 420. Airborne fungi were sampled using an
Airsampler Mas-100 Eco and dichloran 18% glycerol agar (DG-18)
plates (Samson et al., 2010). The plates were incubated at
25 °C ± 0.2 °C, followed by subculturing of black Aspergilli on Czapek
Yeast Agar (CYA) and Malt Extract Agar (MEA) at 25 °C in the dark for
seven days (Samson et al., 2010). Morphological identiﬁcations were
carried out according to the literature (Samson et al., 2007, 2010),
while species identiﬁcation was performed by sequencing a part of the
calmodulin gene published previously in Varga et al. (2014).
2.3. Preparation of extracts for fumonisin analysis
A. welwitschiae (N=15), A. tubingensis (N=10), A. luchuensis
(N=4), A. piperis (N= 1) and A. niger (N= 1) isolates were cultivated
on Czapek yeast autolysate (CYA) agar in darkness at 25 °C ± 0.2 °C for
7 days. The extraction procedure included extracting 4 CYA agar plugs
(in a diameter of 6mm) with 1mL of 75% methanol (Frisvad et al.,
2007). The extracts were centrifuged at 10,000 g for 10min, super-
natants were collected and transferred to clean vials. Prior to LC/MS
analysis, the prepared extracts were ﬁltered through 0.45 μm ﬁlters and
transferred to microvials.
2.4. HPLC and MS parameters
The extracts were analysed by HPLC-MS technique as described by
Bartók et al. (2010), with minor modiﬁcations. The applied modular
HPLC system (Shimadzu, Japan) was equipped with a DGU-14A va-
cuum degasser, LC-10 CE pump, Merck Hitachi L-7200 autosampler,
Shimadzu CTO-10AS column thermostat, and SCL-10A system con-
troller and coupled with the 2010A MS (Shimadzu, Japan). The whole
HPLC-MS system was controlled by LCMSsolution (ver. 3.60.361)
software. Separations were performed on a YMC-Pack J'sphere ODS
H80 (YMC Europe GmbH, Dinslaken, Germany) (50mm×2.1mm,
4 μm) HPLC column thermostated at 35 °C. The mobile phase consisted
of H2O (A) and MeCN (B) supplemented each with 0.1% (v/v) formic
acid with a ﬂow rate of 0.2mL/min. The gradient elution was started
with 15% B, which was increased linearly after 1mi to 40% for 4min
and maintained at this value for 10min; then, the B ratio was raised up
to 95% for 2min and this value was maintained for 6min; then it was
dropped down to the initial 15% in 2min and remained constant until
pressure stabilized. The run time was 38min. The MS instrument was
equipped with an ESI source and operated in positive ion mode using
nitrogen as both the nebulizing gas (1.5 L/min) and the drying gas
(0.2 bar). Positive ions were acquired in selected ion monitoring mode
(event time, 0.2 s; detector voltage, 1.5 kV), while the voltages of the
interface, curved desolvatation line (CDL) and Q-array were 4.5 kV,
25 V and 25 V, respectively, and the CDL and heat block temperatures
250 °C and 200 °C, respectively. During the measurements, the proto-
nated molecular ions ([M+H]+) of FB1 (m/z 722) and FB2 (m/z 706)
were recorded, and their amount found in the samples was calculated
by an external standard method using six calibration levels within the
concentration range of 15.688 ng/mL to 502 ng/mL (FB1) and
15.625 ng/mL to 500 ng/mL (FB2) dissolved in MeCN/H2O 50/50 (v/v).
The equations of the resulted calibration curves were
y= 14.82537×+18.98403; R2= 0,997 (FB1) and
y= 14.03072×+156.9180; R2=0,998 (FB2).
2.5. PCR detection of fum1 and fum8 genes
The isolated genomic DNA (Varga et al., 2014) was diluted to<
1.000 ng and used as template DNA for fumonisin biosynthetic gene
speciﬁc PCR reactions. Part of polyketide synthase and R-oxoamine
synthase genes (fum1 and fum8, respectively; Alexander et al., 2009;
Proctor et al., 2006; Seo et al., 2001) were ampliﬁed in 20 μL volume
containing 10× DreamTaq Buﬀer (with 1.5mM MgCl2) (Thermo Sci-
entiﬁc, USA), 0.2mM dNTPs, 0.2 μmol of primers (Table 1), 1U
DreamTaq DNA Polymerase (Thermo Scientiﬁc), nuclease free water
and template DNA. Ampliﬁcations were performed in Termocycler T-
100 (BioRad, Budapest, Hungary), while the PCR cycling protocol
D. Jakšić et al. Toxicology in Vitro 53 (2018) 160–171
161
consisted of 35 cycles and included an initial denaturation at 95 °C for
2min in the ﬁrst and 20 s in the following runs, annealing at 56 °C for
20 s; elongation at 72 °C for 40 s and 2 mins for the ﬁnal elongation. The
ampliﬁcation products were analysed by electrophoresis on 2% agarose
gels using ﬂuorescent dye GR Green (Excellgen, Budapest, Hungary).
2.6. Cytotoxicity, immunomodulation and genotoxicity of Aspergilli
extracts and single FB1 and FB2
2.6.1. Cell culture and treatment
Human lung adenocarcinoma cells A549 and human leukaemia
monocytes THP-1 (European Collection of Cell Cultures, UK) were
grown in 75 cm2 ﬂasks in RPMI supplemented with 2mM glutamine,
10% heat-inactivated FBS, penicillin (100 IU/mL; 1 IUE 67.7 μg/mL)
and streptomycin (100 μg/mL) at 37 °C in 5% CO2. Stock solutions of
FB2 and FB1 (1mg/mL) were prepared in sterile water and dried fungal
extracts were prepared in 100% DMSO. The ﬁnal concentrations of FBs
and fungal extracts as well as DMSO were obtained by dilution with the
culture medium.
2.6.2. MTT proliferation assay
MTT proliferation test was used to test the cell viability of A549
cells and macrophage-like THP-1 cells as described previously (Jakšić
Despot et al., 2016). Brieﬂy, the diﬀerentiation of THP-1 cells into
macrophages was performed using phorbol 12-myristate 13-acetate
(PMA) (20 nm/well). Prior to the experiment, Aspergilli extracts dis-
solved in DMSO were diluted with culture medium and the ﬁnal mass
concentrations ranged from 0.1 to 0.8 mg/mL. DMSO (up to 1%) was
used as the control that did not alter cell viability. The A549 (104 cells/
well) and macrophage-like THP-1 cells (5× 104 cells/well) were grown
in a 96-well ﬂat-bottom microplate in RPMI 1640 medium supple-
mented with 10% of FBS. Upon 24 h treatment with FBs (10–150 μM) or
with Aspergilli extracts (0.1–0.8 mg/mL) of FB2-producing and FB2-
non-producing strains, the concentration that inhibits growth in 50% of
cells (IC50) was determined. Following treatment, the medium was re-
moved and 100 μL of MTT-tetrazolium salt reagent diluted in RPMI
without FBS (0.5 mg/mL) was added into each well. After 3 h of in-
cubation, the medium was replaced with 100 μL of DMSO to dissolve
formazan (product of metabolised MTT reagent), and cells were in-
cubated at room temperature on a rotary shaker for 15min. The ab-
sorbance was measured using a microplate reader (Labsystem iEMS,
type 1404) at a wavelength of 540 nm. All tests were performed in ﬁve
replicates and results were expressed as percentage of control.
2.6.3. Measurement of cytokine concentration
THP-1 cells were seeded on 24-well cell culture plates (1×106 cells
per well) and diﬀerentiated for 24 h with 40 nM PMA. Cells were
treated with FB1 and FB2 (10 and 100 μM each) as well as black
Aspergilli extracts (0.1 mg/mL) for 24 h. Cell medium was harvested
and frozen at −80 °C until analysis.
Concentrations of IL-1β, IL-6, IL-8 and TNF-α were determined in
harvested cell medium by DuoSet ELISA kits (R&D systems, USA) ac-
cording to instructions provided by the manufacturer and as described
elsewhere (Hulina et al., 2017). Cytokines concentrations were calcu-
lated from measured optical densities determined at 450 nm, using a
microplate reader (En Vision® Multilabel Plate Reader, Perkin Elmer)
and by standard calibration curves.
2.6.4. Alkaline comet assay
A549 cells were seeded in 6-well plates (3×105 cells per well).
After 24 h, the cell medium was replaced with the treatment: FB1 and
FB2 (10 and 100 μM each), black Aspergilli extracts (0.1 mg/mL) and
control medium (with and without 0.1% DMSO) for 24 h. The comet
assay was carried out according to Singh et al. (1988) with minor
modiﬁcations. After 24 h of treatment, the cells were washed, scraped
with rubber, and resuspended in 300 μL of phosphate buﬀer (pH 7.4).
Aliquots of 20 μL of this suspension were mixed with 100 μL 0.5% low
melting point agarose-LMP (in Ca-and Mg-free PBS) and 100 μL of
agarose-cell suspension was spread onto a fully frosted slide pre-coated
with 1% normal melting point tagarose- NMP (in sterile destiled water).
After 1 h of lysis at 4 °C, denaturation for 20min and electrophoresis for
20min at 25 V and 300 Microgels were neutralized and then stained
with ethidium bromide (20 μg/mL) per slide for 10min. Slides were
scored using an image analysis system (Comet assay IV, Perceptive in-
struments Ltd., UK) connected to a ﬂuorescence microscope (Leitz,
Germany). All of the experiments were performed in duplicate, and in
each experiment images of 200 randomly selected cells (100 cells from
each of the two replicate slides) were measured. Only comets with a
deﬁned head were scored. As a reliable measure of genotoxicity, we
used tail length and the percentage of DNA in the comet tail (or tail
intensity) (Collins, 2004).
2.7. Statistics
The results of the MTT test, comet assay (tail length- μm; tail in-
tensity- % of tail DNA) and concentration of cytokines (% of control)
were presented as mean ± standard error of mean (SEM). Normality of
the data distribution was tested by Kolmogorov-Smirnov test; One-way-
ANOVA was applied for normally distributed data followed by Sidak
post-test, while for non-normally distributed data Kruskal- Wallis test
was applied followed by Dunn's multiple comparison test. P < 0.05
was considered statistically signiﬁcant for all calculations. To obtain the
IC50 from the results of MTT assay, non-linear dose-response ﬁtting was
applied using y=A1+ (A2-A1)/(1+ 10^((LOGx0-x)*p)) equation.
Two-way ANOVA followed by Sidak's multiple comparison test were
used for testing the signiﬁcance of diﬀerence in the toxic response of
two cell lines to black Aspergilli extracts.
3. Results
3.1. Occurrence of airborne black Aspergilli
The abundance of airborne Aspergillus species from the section Nigri
in occupational (GM), and living (AP and BS) environments as well as
outdoor air (ODA) in the six periods of sampling is presented in Table 2.
The proportion of black Aspergilli in the total number of viable airborne
fungi regardless of location and period of sampling was low
(0.05–4.4%), with mean absolute concentrations ranging from 1 at AP/
BS to 800 CFU/m3 at GM and mean estimated concentration ranging
from 22.5 to 1550 CFU/m3 at GM. The mean absolute concentrations of
black Aspergilli were approximately 10 times higher in the GM com-
pared to the levels detected in the living indoor environment (AP and
BS) and outdoor air. Black Aspergilli peaked in May (GM), when the
estimated concentration (probable viable number) rise up to 5× 103
CFU/m3, while in the remainder of the sampling periods, the estimated
levels were below 500 CFU/m3. The recovery of aspergilli (Nigri) from
samples taken both indoors (AP and BS) and outdoors was poor; the
maximum absolute concentrations were below 100 CFU/m3, except in
the AP in March (140 CFU/m3). Additionally, black Aspergilli were
detected outdoors only in warmer months (July and September).
Table 1
The PCR primers used for the detection of fum genes.
Primers Sequence Gene Reference
fum1-F2 TGGCGATTGGTCGTCCAGGTCT fum1 (Palumbo et al., 2013)
fum1-R2 GCCACCGATGTCCACAAGCGAA
vnF1 TTCGTTTGAGTGGTGGCA fum8 (Susca et al., 2014)
vnR3 CAACTCCATASTTCWWGRRAGCCT
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3.2. The ability of black Aspergilli to produce fumonisins
Among the identiﬁed isolates of black Aspergilli, which include A.
welwitschiae (N=15), A. tubingensis (N=10), A. luchuensis (N=4), A.
piperis (N= 1) and A. niger (N= 1), FB2 was quantiﬁed in 8 out of 15
isolates of A. welwitschiae and the A. niger isolate. FB1 was not detected
in any sample (Table 3; Fig. 1). Among A. welwitschiae isolates that
produced FB2, seven isolates were recovered from the GM and one from
the AP samples, while the A. niger isolate was originated from the living
area BS. Molecular screening for the presence of fum1 and fum8 genes
revealed that the majority of the isolates that produced FB2 in the agar
plug test also present these genes, except one strain of A. welwitschiae
that yielded an amplicon from fum8, but not from fum1. Two strains of
A. welwitschiae produced approximately 10 μg/mL of FB2; three isolates
produced FB2 in amounts between 3 and 8 μg/mL; and three isolates
produced FB2 at concentrations below 1 μg/mL. The weakest producer
was A. niger (0.015 μg/mL) with an FB2 level near to the lowest level of
calibration. FB2 was not found at a detectable level in the isolates be-
longing to the A. tubingensis, A. luchuensis and A. piperis species and the
absence of ampliﬁcation of fum1 and fum8 support that these isolates
are not FB2 producing fungi.
Table 2
Abundance of black Aspergilli in indoor and outdoor air for each sampling period.
Period of sampling Grain mill (GM) Apartment (AP) Basement (BS) Outdoor air (ODA)
CFU/m3 % CFU/m3 % CFU/m3 % CFU/m3 %
Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD Range
Absolute Estimated⁎ Absolute Estimated⁎
January 40 ± 52 263 ± 339 0–100 0–657 0.15 1 ± 4.5 0–20 0.62 1 ± 4 0–20 0.14 – – –
March 20 ± 52 131 ± 344 0–200 0–1314 0.05 8 ± 31 0–140 4.40 – – – – – –
May 240 ± 260 1550 ± 1730 0–800 0–5256 0.90 1 ± 4 0–20 0.08 – – – – – –
July 30 ± 57 197 ± 375 0–200 0–1314 0.08 – – – 1 ± 5 0–20 0.10 2 ± 6 0–20 0.10
September 50 ± 124 302 ± 809 0–400 0–2628 0.35 8 ± 19 0–80 1.73 1 ± 4 0–20 0.10 4 ± 8 0–20 0.47
November 20 ± 52 22.5 ± 59 0–200 0–225 0.32 1 ± 4.5 0–20 0.45 3 ± 7 0–20 0.25 – – –
%: mean concentration of black Aspergilli / mean concentration of total airborne fungi⁎⁎×100.
–: not detected.
⁎ The probable number of viable particles calculated from Feller's formula (Pr]N 1/N+1/N-1+ 1/N-2+ 1/N-r+ 1), given by the manufacturer (Merck KgaA,
Darmstadt, Germany; Pr= probable statistical total; r=Number of cfu counted; N= total number of holes in the sampling head).
⁎⁎ Mean concentration of total airborne fungi adopted from Jakšić Despot and Šegvić Klarić (2014).
Table 3
PCR screening of fum genes in fumonisin B2 producing and non-producing black Aspergilli.
Species Isolate code Sampling site Detected FB1 Detected FB2 fum1 fum8
(3 agar plugs) (3 agar plugs)
μg/mL μg/mL
A. tubingensis MFBF AN10927B Grain mill nd nd − −
A. tubingensis MFBF AN10928B Grain mill nd nd − −
A. tubingensis MFBF AN10868A Grain mill nd nd − −
A. tubingensis MFBF AN11053A Grain mill nd nd − −
A. tubingensis MFBF AN11053B Grain mill nd nd − −
A. tubingensis MFBF AN11054B Grain mill nd nd − −
A. tubingensis MFBF AN11119A Grain mill nd nd − −
A. tubingensis MFBF AN10856A Apartment nd nd − −
A. tubingensis MFBF AN10862A Apartment nd nd − −
A. tubingensis MFBF AN11058B Outdoor air nd nd − −
A. luchuensis MFBF AN10927A Grain mill nd nd − −
A. luchuensis MFBF AN11054A Grain mill nd nd − −
A. luchuensis MFBF AN11133A Apartment nd nd + −
A. luchuensis MFBF AN11000B Outdoor air nd nd − −
A. welwitschiae MFBF AN10868B Grain mill nd nd + +
A. welwitschiae MFBF AN10924B Grain mill nd 13.467 + +
A. welwitschiae MFBF AN10925A Grain mill nd 7.991 + +
A. welwitschiae MFBF AN10925B Grain mill nd 0.128 + +
A. welwitschiae MFBF AN10926A Grain mill nd 5.762 + +
A. welwitschiae MFBF AN10926B Grain mill nd 10.476 + +
A. welwitschiae MFBF AN10929A Grain mill nd 0.290 + +
A. welwitschiae MFBF AN10929B Grain mill nd 0.156 + +
A. welwitschiae MFBF AN11113A Grain mill nd nd + −
A. welwitschiae MFBF AN10545 Apartment nd nd + +
A. welwitschiae MFBF AN11060A Apartment nd 3.988 − +
A. welwitschiae MFBF AN11061B Apartment nd nd + −
A. welwitschiae MFBF AN11062A Apartment nd nd + −
A. welwitschiae MFBF AN 11139 B Basement nd nd + +
A. welwitschiae MFBF AN 11140 B Basement nd nd + −
A. niger MFBF AN 11066 B Basement nd 0.015 + +
A. piperis MFBF AN 11119 B Grain mill nd nd + −
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3.3. Cytotoxic eﬀects
The MTT test revealed that both FB1 and FB2 were weakly cytotoxic
to A549 cells and macrophages derived from THP-1 cells; although all
of the applied concentrations of single FBs (10–150 μM) signiﬁcantly
aﬀected cell viability compared to control at 24 h of exposure.
Nevertheless none of them was suﬃcient to induce a reduction
of> 50% in the cell metabolic activity (IC50) of A549 or THP1 cell lines
(Fig. 2). THP-1 macrophage-like cells were more sensitive to FBs than
A549 cells, particularly to FB1; the viability of THP-1 macrophage-like
cells dropped to 60% after exposure to the highest concentration of FB1.
Unlike FBs, black Aspergilli extracts of FB2-producers and non-
producers were more cytotoxic for both cell lines (Table 4; Fig. 3). FB2
content in A. welwitschiae (0.09–0.76 μM of FB2) and A. niger
(0.000088–0.0007 μM of FB2) extract dilutions (0.1–0.8mg/mL) was
between one to ﬁve orders of magnitude lower that the lowest con-
centration of single FB2 (10 μM) used in the MTT test. Considering the
calculated IC50 of extract mass concentrations, A. welwitschiae was the
most cytotoxic to A549 cells, followed by A. tubingensis and A. piperis.
According to IC50 values, the last two exerted similar cytotoxic potency
in both cell lines (Table 4). The dose-response for A. niger and A. lu-
chuensis extracts in both cell lines was similar and the calculated IC50
Fig. 1. Extracted ion chromatograms at m/z= 706 corresponding to FB2 in FB2-producing black Aspergilli. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
Fig. 2. Survival of A549 cells (A) and THP-1 macrophage like cells (B) after 24 h of treatment with single FB1 and FB2 measured by MTT test. Each data point
represents mean ± SEM of cell viability (% of control, control= 100% of cell viability) for FB1 and FB2 concentrations ranging from 10 to 150 μM. All treatments
both in A549 and THP-1 cells were signiﬁcantly diﬀerent compared to control (*c, P < 0.05).
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was>0.8mg/mL.
3.4. Immunomodulatory eﬀects
FB1 application resulted in the increase of all of the measured cy-
tokines (IL-1β, IL-6, IL-8 and TNF-α), while the most pronounced eﬀect
was on IL-8 (Fig. 4). An interesting pattern could be observed com-
paring the eﬀect on IL-1β and IL-6. Applied at a concentration of 10 μM,
FB1 caused the increase of IL-6, IL-1β was not diﬀerent than the control,
while a ten times higher concentration of FB1 caused a reversed eﬀect:
the increase of IL-1β and the decrease of IL-6. In both cases, the con-
centration of TNF-α remained increased. In contrast to FB1, FB2 pro-
voked a signiﬁcant decrease of IL-1β and did not have an eﬀect on IL-8.
Both FBs applied in 10-fold lower concentration signiﬁcantly increased
IL-6. Among the extracted black Aspergilli, A. piperis and A. tubingensis
had the strongest eﬀect causing a signiﬁcant increase of IL-1β, TNF-α
and IL-8 while the concentration of IL-6 was not diﬀerent than the
control. Among FB2 producers, A. niger provoked a signiﬁcant increase
of TNF-α only, while the other tested cytokines did not diﬀer sig-
niﬁcantly from the control regardless of whether or not they were
treated with A. niger or A. welwitschiae.
3.5. Genotoxic eﬀects
Genotoxic eﬀects were evaluated in A549 cells using alkaline comet
assay. Generally, the DNA damaging eﬀect of FB1 (in terms of increased
tail length and tail intensity) was slightly higher than that of FB2. While
no signiﬁcant changes were observed in comet tail length, except
slightly when FB2 was applied at 100 μM, a signiﬁcant increase of tail
intensity was observed when FB1 or FB2 was applied at 10 μM.
Application of 100 μM FB1/FB2 resulted in a tail intensity similar to the
control sample.
Application of black Aspergilli extracts caused a signiﬁcant increase
of comet tail length in the range: A. tubingensis > A. piperis > A.
luchuensis > A. welwitschiae > A. niger. However, only A. welwitschiae,
A. piperis and A. tubingensis extracts caused a signiﬁcant increase of tail
intensity, although the eﬀect was more than twice less pronounced than
that of FB1/FB2. (Fig. 5).
4. Discussion
4.1. Indoor occurrence, species diversity and FB2 production in airborne
black Aspergilli
This study is the continuation of our recently published ones on
species diversity of airborne black Aspergilli in Croatia (Varga et al.,
2014) as well as Aspergillus species from the section Versicolores in the
occupational (GM) and living (AP and BS) indoor environment over a
one year sampling period (Jakšić Despot et al., 2016). Unlike Aspergillus
from the section Versicolores (0.7–55%), black Aspergilli comprised a
signiﬁcantly lower proportion (0.05–4.4%) of the total airborne fungi
detected in the studied indoor environment. Mean concentrations of
viable black Aspergilli in the GM (20–240 CFU/m3), as a working
environment, are in line with reports on these species in the food in-
dustry (220.6 CFU/m3), poultry farms (101.2 CFU/m3), and a bakery
(29.5 CFU/m3) (Sharma et al., 2010). Taking into account the statisti-
cally estimated concentration of black Aspergilli (5256 CFU/m3) in the
GM, the levels of these species are 50–260 times higher compared to
those obtained in the AP and BS. Seasonal variations of the proportion
of airborne black Aspergilli in the AP (0.08–4.4%) in Zagreb are com-
parable to the levels of these species (2.86–6.37%) in urban homes in
Tekirdag city (Turkey), although Tekirdag has a borderline Mediterra-
nean/humid subtropical climate and Zagreb is situated near the
boundary of the humid continental climate (Sen and Asan, 2009). A
study conducted in a school in Perth (Australia) during winter and
summer revealed that black Aspergilli were common indoor species
present at similar levels in both seasons at mean concentrations be-
tween 4 and 40 times higher than in the Zagreb AP (Zhang et al., 2013).
This comes as no surprise because Perth has a hot-summer Mediterra-
nean climate, favourable for the growth of xerophilic fungi such as
black Aspergilli. A limited number of studies on the diversity and oc-
currence of indoor black Aspergilli have been published so far. The
diversity of indoor black Aspergilli in Croatia from our preliminary
study was similar to other European countries including Hungary, the
Netherlands, Serbia and Turkey; A. luchuensis, A. niger, A. welwitschiae
and A. tubingensis were detected in all of the listed countries, except for
A. niger which was not found in samples from Turkey (Varga et al.,
2014; Varga et al., 2011). Greater species diversity was obtained from
Thailand indoor air samples; among the 22 isolates assigned to 7 dif-
ferent species (including A. ﬁjiensis, A. japonicus, A. neoniger, A. trini-
dadensis, and one new species related to A. saccharolyticus), only A. niger
and A. tubingensis matched our isolates. Also, a diﬀerent composition of
indoor black Aspergilli was reported in the samples taken in 17 US
states, Bermuda, Martinique and Trinidad & Tobago (Jurjević et al.,
2012), as compared to Croatia; among 56 isolates 6 species were
identiﬁed including A. aculeatus, A. ﬁjiensis, A. ﬂoridensis, A. japonicas,
A. trinidadensis and A. uvarum. These studies, in addition to previously
discussed results on levels of indoor black Aspergilli, conﬁrm the sig-
niﬁcant inﬂuence of climatic conditions on the distribution and oc-
currence of these fungi in indoor environments.
Among the 31 isolates of black Aspergilli obtained in the present
study, only that identiﬁed as Aspergillus niger (1/1) and some A. wel-
witschiae isolates (8/15) were shown to have the ability to produce FB2.
None of the tested isolates produced FB1, which is in accordance with
Nielsen et al. (2015). The majority of the FB2-producer isolates (7/9)
originated from the GM, showing that workers in occupational indoor
environments of this type may be more exposed to FB2 via inhalation
than people in living environments. The concentration of FB2 detected
in isolates of A. welwitschiae following agar plug extraction was 600
times higher than that of the toxin produced by an A. niger strain. The
production of FB2 in these isolates correlated with the detection of fum1
and fum8 genes involved in the biosynthesis of fumonisins. The results
of our study provide additional evidence that the dominant species and
signiﬁcant producer of FB2 among black Apergilli is A. welwitschiae.
This species was also predominantly isolated from onions (Gherbawy
et al., 2015) and grapes in the Mediterranean Basin and California, but
together with A. niger (Palumbo et al., 2013; Susca et al., 2014). These
two species show many similarities in the secondary metabolism,
sharing biosynthetic pathways for ochratoxin A (OTA), pyranonigrin A,
tensidol B, funalenone, malformins naphtho-γ-pyrones as well as FB2
(Frisvad et al., 2007; Perrone et al., 2011a; Susca et al., 2010). In this
study, we analysed only the production of FB2 but the biosynthesis of
other secondary metabolites should not be excluded, which was sup-
ported by the cytotoxic assays.
Table 4
The calculated IC50 of black Aspergilli extracts (0.1–0.8 mg/mL) in A549 and
THP-1 macrophage-like cell lines using non-linear curve ﬁtting (R2=0.9767).
Treatment IC50 (A549) afety evaluation of certain
mycotoxins in food
mg/mL (mean ± SEM)
A. niger >0.8 > 0.8
A. welwitschiae 0.214 ± 0.004 >0.8
A. luchuensis >0.8 > 0.8
A. tubingensis 0.329 ± 0.001 0.228 ± 0.009
A. piperis 0.460 ± 0.011 0.323 ± 0.009
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4.2. Toxic potency of FBs vs. FB2-producing and non-producing black
Aspergilli – Possible health risk
4.2.1. Cytotoxicity
The MTT assay revealed that both FB1 and FB2 were weakly toxic to
both human lung A549 cells and THP-1 macrophage-like cells. The
A549 cells were equally sensitive to the eﬀects of both FB1 and FB2,
while the THP-1 macrophage-like cells were more sensitive to FB1.
These results are consistent with literature data on the cytotoxicity of
fumonisins in various cell lines, including human bronchoalveolar cells
BEAS-2B, in which the IC50 concentrations for both FB1 and FB2 were
above 150 μM after 24 h of exposure (Gutleb et al., 2002; McKean et al.,
2006; Shier et al., 1991). The A. welwitschiae extract was the most toxic
among the extracts tested in A549 cells, but it was not cytotoxic to THP-
1 macrophage-like cells. Taking into account that the A. welwitschiae
extract mass concentration that signiﬁcantly decreased cell viability
contained FB2 at a 10-fold lower concentration than those used in FB2
individual treatment, it can be concluded that other metabolites in the
Fig. 3. Cytotoxicity of extracts prepared from diﬀerent species assigned to section Nigri in A549 and THP-1 cells measured by MTT test. Dried extracts were dissolved
in DMSO and diluted in cell culture medium (RPMI 1640) for the treatment (0.1–0.8 mg/mL). Up to 1% DMSO was used as the control. All treatments both in A549
and THP-1 cells were signiﬁcantly diﬀerent compared to control* (P < 0.05). The statistical signiﬁcance of the same type of treatment in THP-1 compared to A549
cells is marked with an asterisk (*, P < 0.05).
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extract but not FB2 contributed to the cytotoxicity of A. welwitschiae.
Since we did not analyse the presence of OTA or other secondary me-
tabolites (e.g. pyranonigrin A, tensidol B, funalenone, malformins,
naphtho-γ-pyrones) we can only speculate that some of them con-
tributed to the cytotoxicity. Among them, malformins and naphto-y-
pyrones exerted cytotoxic properties at nanomolar (IC50= 130 and
90 nM) and micromolar concentrations (IC50 < 100 μM) in human
cancer cell lines (Huang et al., 2011; Liu et al., 2016). Apart from that,
elastase production, an important virulence factor in A. fumigatus
during respiratory system infection, was also described in black As-
pergilli (Kothary et al., 1984; Varga et al., 2011). Blanco et al. (2002)
showed that A. welwitschiae (ex A. awamori) isolates possessed sig-
niﬁcantly more intensive elastase activity in elastin lyses compared to
A. niger. This may also be one of the reasons for the stronger cytotoxic
eﬀect of A. welwitschiae than A. niger, which was particularly expressed
in lung A549 cells. Bünger et al. (2004) showed that the extract of A.
niger at a concentration of 800mg/mL was cytotoxic to A549 cells. In
our study, applied at the concentration of 0.8 mg/mL, A. niger extract
reduced the cell viability of both A549 cells and THP-1 macrophages to
approximately 54% of the control. It is possible that the A. niger used in
the study of Bünger et al. (2004) was misidentiﬁed since more accurate
tools of identiﬁcation have been introduced since (Perrone et al.,
2011b; Samson et al., 2007). Therefore, it is questionable whether the
described toxic eﬀect belongs to the extract of A. niger or to some other
species from the section Nigri.
THP-1 macrophage-like cells were more susceptible to extracts of A.
tubingensis and A. piperis than A549 cells, but the concentration of
0.8 mg/mL almost completely reduced the cell viability of both cell
lines. This observation is particularly important from the aspect of re-
spiratory toxicity and/or infection in susceptible individuals. Recently,
Lamboni et al. (2016) reported on the prevalence of A. tubingensis in
nuts from Benin, which produced naphto-y-pyrones (auraspenones,
fonsecinones, ﬂavasperones), asperazine and malformins at high rates.
In addition to cytotoxic naphto-y-pyrones and malformins, asperazine
showed selective cytotoxicity against human leukaemia cells (Bugni
and Ireland, 2004). Recently, A. tubingensis was detected as the most
common black Aspergilli after A. niger in clinical isolates of patients
with chronic respiratory diseases, including cystic ﬁbrosis and chronic
Fig. 4. Relative concentration of cytokines measured in the supernatant of THP-1 macrophage-like cells upon the treatment speciﬁed. The statistical signiﬁcance of
the treatment compared to control is marked with an asterisk (*, P < 0.05) above each histogram.
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obstructive pulmonary disease (Gautier et al., 2016). Additionally, A.
tubingensis was presented in patients with cutaneous infections and
otomycoses (Balajee et al., 2009; Szigeti et al., 2012a, 2012b) as well as
corneal infections in tropical regions (Kredics et al., 2008). A. piperis
was reported to produce pyranonigrins, naphto-y-pyrones and aﬂavi-
nins. Pyranonigrins and aﬂavinins showed insecticidal properties, but
pyranonigrins did not exert cytotoxicity in human cancer cell lines
(Hiort et al., 2004; Wang et al., 1995), while, to the best of our
knowledge, there are no data on cytotoxic properties of aﬂavinins in
human cell lines.
4.2.2. Immunomodulation
When macrophages are exposed to inﬂammatory stimuli they pro-
duce cytokines including TNF-α, IL-1, IL-6, IL-8 and IL-12. Thus, we
explored the diﬀerences in secretion of proinﬂammatory cytokines
(TNF-α, IL-1β, IL-6, IL-8) by THP-1 macrophage like cells upon ex-
posure to pure FBs or Aspergilli extracts. Endogenous pyrogen TNF-α
has control of the cytokines network; it is responsible for the production
of IL-1, IL-6 and IL-8. Deﬁciency of TNF-α in experimental animals
promoted cancer (Suganuma et al., 1999). Similarly to TNF, IL-1β is
also produced at the early stage of inﬂammation and macrophages are
the main source of this cytokine. IL-1β is synthesized as a leaderless
precursor, cleaved by inﬂammasome-activated caspase-1 and released
by autophagy from macrophages. This cytokine has a beneﬁcial role of
mediating an immune response against the pathogenic inﬁltration, but
it can also promote the pathogenesis of tissue damage that leads to
chronic inﬂammation (Eder, 2009). IL-6 is a pleiotropic cytokine
showing both proinﬂammatory and antiinﬂammytory activities but in
chronic inﬂammation it is rather proinﬂammatory. The synthesis of this
cytokine is induced by IL-1 and TNF-α (Duque and Descoteaux, 2014).
IL-8 is a monocyte- and macrophage-derived cytokine that serves as
chemoatractant of neutrophils to the site of infection or injury and its
secretion from macrophages can be stimulated with TNF-α, IL-1β or a
lipopolysaccharide (Carré et al., 1991). Our results showed that FBs
exerted a diﬀerent immunomodulatory pattern in THP-1 marcophage-
like cells; FB1 but not FB2 provoked higher increase of cytokines IL-8,
TNF-α and IL-1β; FB2 eﬀectively decreased the levels of IL-1β and did
not have an eﬀect on TNF-α and IL-8. IL-6 was signiﬁcantly increased
only when both FBs were applied at a 10-fold lower concentration.
Several studies on diﬀerent in vivo and in vitro models showed con-
tradictory results regarding FB1 eﬀect on cytokine release, in some
cases FB1 stimulated production of inﬂammatory cytokines, while in
some cases it exerted an inhibitory eﬀect (Taranu et al., 2005). In the
human cell lines of the stomach and colon, FB1 caused an increase in
the production of TNF-α and IL-1β (Mahmoodi et al., 2012)., which is
in agreement with our ﬁndings. In the same study, a decrease in the
production of IL-8 was observed. Also, in the human colon cell line HT-
29, FB1 induced a decrease in IL-8 synthesis but only after exposure to
LPS stimulation (Minervini et al., 2014). In lymphocytes and neu-
trophils obtained from the peripheral blood of healthy people and pa-
tients with breast and gastrointestinal cancers, FB1 inhibited the pro-
duction of TNF-α and G-CSF cytokines demonstrating immune
suppression particularly in cancer patients (Odhav et al., 2008). Chiba
et al. (2007) suspected that FB1-induced an increase of TNF-α and IL-6
in mice mast cells as a result of FB1-inhibited synthesis of ceramide.
Inhibition of ceramide synthesis and disruption of membrane phos-
pholipids have been indicated as the key mechanisms of FB1 toxicity
and our obtained immunomodulatory eﬀects of FB1 may be the result of
changes in the expression of cell surface markers important in immune
cell communication (Odhav et al., 2008). To the best of our knowledge,
no data on the immunomodulatory eﬀect of FB2 has yet been published.
Based on the chemical structure similarities between FB1 and FB2, as
well as the known inhibition of ceramide synthesis, we expected a si-
milar immunomodulatory eﬀect in THP-1 like macrophages. Surpris-
ingly, FB2 signiﬁcantly increased only the production of IL-6, unlike FB1
signiﬁcantly decreased IL-1β, and exerted a much weaker eﬀect on
TNF-α and IL-8 than FB1. We can only surmise that these events are
probably linked to the weaker cytotoxicity of FB2 for THP-1 like mac-
rophages. Among black Aspergilli, only A. piperis and A. tubingensis
evoked a signiﬁcant increase in the production of IL-1β, IL-8 and TNF-
Fig. 5. Genotoxicity of FB1/FB2 and black Aspergilli extracts applied in subcytotoxic concentrations determined by alkaline comet assay in A549 cells. The statistical
signiﬁcance of the treatment compared to control is marked with an asterisk (*, P < 0.05) above each histogram. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
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α, but not IL-6. The inﬂammatory eﬀect of A. piperis and A. tubingensis
extracts corresponded to their cytotoxic potential in THP-1-like mac-
rophages. The eﬀect on cytokine signalling is best studied in Aspergillus
fumigatus as the most common fungal pathogen in humans, while data
on diﬀerent black Aspergilli are scarce. IL-1β and TNF are induced in
alveolar macrophages in response to A. fumigatus antigens and in
monocytes in response to Aspergilli conidia and hyphae (Park and
Mehrad, 2009). It was shown that only live but not heat-inactivated A.
niger could evoke the secretion of IL-1β and IL-6 in MPI macrophages
(Chacko, 2016), which is in agreement with our results of no signiﬁcant
cytokine release induced by A. niger extract, that could also be linked to
its low cytotoxic potential in THP-1-like macrophages. The diﬀerence in
the immunomodulatory pattern of black Aspergilli extracts is hard to
explain but it cannot be linked to the production of FB2; it is more likely
that the previously discussed metabolites contribute to both the cyto-
toxicity and immunomodulation in THP-1-like macrophages.
4.2.3. Genotoxicity
Considering a similar pattern of FBs-induced DNA damage in A549
cells obtained by the alkaline comet assay, we can assume that these
toxins share the same mechanism of genotoxicity. However, in the in-
terpretation of the alkaline comet assay results, one has to take into
account that often there is no simple association between the amount of
primary DNA damage caused by exposure to a particular chemical and
the biological eﬀects of that damage. Based on the knowledge gathered
in several in vitro and in vivo studies, FB1 induces a dose-dependent
increase of genotoxicity expressed as increased comet's tail intensity or
increase in micronuclei formation, and oxidative stress has been im-
plicated as one of the mechanisms involved in DNA damage (Domijan
et al., 2006; Galvano et al., 2002a, 2002b; Peraica et al., 2008). We
found that both FBs evoked a signiﬁcant increase in the tail intensity of
A549 cells when applied at a lower concentration, but without sig-
niﬁcant changes in tail length values, which is in accordance with
previous studies. In a previous comet assay study, Ehrlich et al. (2002)
observed a dose-dependent genotoxic eﬀects of FB1 in HepG2 cells at
concentrations ≥25 μg/mL. Since FB1 has clastogenic potential per se,
and could lead to the disturbance of the cellular oxidative-antioxidative
equilibrium, DNA instability observed at the lower FBs concentrations
tested might be associated with the formation of simple types of DNA
lesions as single strand breaks and alkali labile sites, which could be
sensitively detected by the alkaline comet assay. Furthermore, the ob-
served diﬀerence in the response of comet parameters is not surprising
because as the level of damage increases so does the relative intensity of
staining of DNA in the tail, rather than tail length which consists of an
increasing number of relaxed DNA loops (Collins et al., 2008). How-
ever, it is worth to mention that when FBs were applied at a higher
concentration (100 μM) in A549 cells, we observed a>3-fold lower tail
intensity than after treatment with 10 μM. Based on these ﬁndings, and
the fact that both FBs were weakly cytotoxic to A549 cells and decrease
in cell viability after treatment with 10 and 100 μM was not sig-
niﬁcantly diﬀerent, we conclude that at least a part of the genotoxic
eﬀects at the higher tested concentrations could be related to the for-
mation of more complex DNA lesions as cross-links (both inter- and
intrastrand) and possibly DNA-protein adducts.
Cross-linking (DNA–DNA and DNA–protein) is the only-known
mechanism which contributes to an actual decrease in DNA migration
in the comet assay (Tice et al., 1997). Cross-linking obstructs the DNA
uncoiling during alkaline denaturation, which retards the migration of
DNA fragments during electrophoresis. Interstrand cross-links espe-
cially can lead to a tighter binding of the DNA core (Fairbairn et al.,
1995). As known, (Miyamae et al., 1997), cells with DNA cross-linking
lesions frequently show no increased or even decreased DNA migration
in the alkaline comet assay. Our results agree well with those ob-
servations and suggest cross-linking as a possible mechanism of geno-
toxicity. Based on the available literature, FBs alone did not contribute
to the formation of cross-links, but at increasing concentrations at least
FB1 led to extensive lipid peroxidation (Abado-Becognee et al., 1998;
Kouadio et al., 2005), which ended with the formation of mal-
ondialdehyde, known as a potent cross-linking agent (Abel and
Gelderblom, 1998). Considering that in the present study we did not
apply special modiﬁcations of the comet assay, our assumption re-
garding the involvement of cross-links in overall primary DNA damage
measured after exposure to FBs has to be proven in future studies, and
to obtain an unambiguous answer regarding the possible cross-linking
potential of FBs and/or their metabolites, further investigations are
needed.
All extracts of black Aspergilli signiﬁcantly increased tail length, but
only A. welwitschiae, A. piperis and A. tubingensis provoked a marked
increase of tail intensity, which corresponded to the cytotoxic potential
of the extracts in A549 cells. To our knowledge, this is the ﬁrst report on
the toxic potential of diﬀerent Aspergillius species from the section Nigri
to reveal signiﬁcant species-related diﬀerences in toxic eﬀects in A549
cells and THP-1-like macrophages.
5. Conclusions
The statistically estimated concentration of black Aspergilli (up to
5×103 CFU/m3) in the grain mill, dominated by A. welwitschiae and A.
tubingensis, showed a potential health risk for workers, because these
concentrations were up to 260-folds higher than in residential en-
vironments.
Among black Aspergilli, only A. welwitschiae and A. niger produced
FB2, which was also conﬁrmed with the presence of fum1 and fum8
genes involved in FB production. FB2 did not exert cytotoxic properties
in human lung adenocarcinoma A549 cells and THP-1 macrophage-like
cells, which means that FB2 alone did not contribute to the cytotoxic
potential of the black Aspergilli. Extracts of A. welwitschiae, A. tu-
bingensis and A. piperis exerted a more pronounced cytotoxic and gen-
otoxic eﬀects in A549 cells than A. niger and A. luchuensis. In THP-1
macrophage-like cells, only A. tubingensis and A. piperis evoked cyto-
toxic and immunmodulatory eﬀects. Secondary metabolites including
naphto-y-pyrones malformins and asperazine as well as elastase activity
might contribute to the toxicity of the extracts, but the combined eﬀects
of these metabolites should be explored in future studies. In future
studies, it would be extremely useful to explore the combined eﬀects of
black Aspergilli secondary metabolites and enzymes to clarify their
interactions in toxic action and possible involvement in chronic re-
spiratory diseases.
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